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ABSTRACT 

We address the relationship between spectral type and physical properties for A-type 
supergiants in the SMC. We first construct a self-consistent classification scheme for 
A supergiants, employing the calcium K to He line ratio as a temperature-sequence 
discriminant. Following the precepts of the 'MK process', the same morphological 
criteria are applied to Galactic and SMC spectra with the understanding there may not 
be a correspondence in physical properties between spectral counterparts in different 
environments. We then discuss the temperature scale, concluding that A supergiants 
in the SMC are systematically cooler than their Galactic counterparts at the same 
spectral type, by up to ^10%. Considering the relative line strengths of H7 and the 
CH G-band we extend our study to F and early G-type supergiants, for which similar 
effects are found. We note the implications for analyses of extragalactic luminous 
supergiants, for the flux- weighted gravity- luminosity relationship and for population 
synthesis studies in unresolved stellar systems. 
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1 INTRODUCTION 

A-type supergiants are important probes of metallicity 
in ne arby galaxies (e.g., McCarthy et al ] |l995l: IVenn et alJ 
l2000l:lBresolin et alJliooaT This is because of their intrinsic 
luminosity and relatively small bolometric corrections (en- 
suring that they are among the v isually brightest stars in 
any galaxy; e.g.. lHumDhreyjll983ft . and their spatial isola- 
tion (which contrasts with O- and B-type stars, which are 
frequently found in clusters or associations, or in binary sys- 
tems with companions of comparable brightness). Moreover, 
not only are the optical spectra of A-type supergiants typ- 
ically free of significant contamination from spatially unre- 
solved companions, but they also exhibit lines from a rela- 
tively wide range of elements, which can be modeled reason- 
abl y satisfactor ily using relatively simple LTE atmospheres 
fcf. lVennllT993) . 

A-type stars can also be important - occasionally dom- 
inant - contributors to the integra ted light of more distant , 
unresolved galactic systems (e.g., iBrotherton et aDll999tl . 
In the interpretation of such unresolved systems, as well as 
the spectra of individual stars, the correspondence between 
spectral morphology and fundamental stellar parameters is 
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a key issue. We address this issue in the present paper, mo- 
tivated by the need to classify the A-type stars observed in 
our forthc oming 2dF survey of the luminous-star content of 
the SMC jEvans et alJl2003l) . and to assign consistent and 
accurate elTective temperatures to them. 



2 SPECTRAL CLASSIFICATION: 
PRINCIPLES 

By way of introduction to the philosophy of spectral classi- 
fication which we adop t, we can do no better than draw on 
the discussion given bv lMorganl (Il937l) in his seminal paper 
on the classification of A-K-type spectra: 

"There would bo a number of advantages in having a two- 
dimensional empirical spectral classification; the operations of 
the determination of actual values of stellar temperatures and 
luminosities could then be separate from the problem of classi- 
fying spectra. Suppose that it had been the custom to publish 
the actual effective temperature instead of the empirical spectral 
type. . . the classification, then, would be subject to two sources of 
error: (1) the error inherent in the criteria themselves and the ob- 
servational error introduced in their estimation or measurement; 
and (2) the error introduced in the reduction of the observational 
data to a temperature scale. The uncertainties introduced in (2) 
increase unnecessarily the uncertainty in the actual operation of 
classification." 
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Thus, to quote a more recent doyen of classification, 

"One of the basic underlying principles of tiie MK approacfi to 
spectral classification has been the preservation of its indepen- 
dence from theoretical or other external information, with regard 
to both the systemic formulation and its practical application" 

JWalbornlllQTi) . We stress this independence here because 
it contrasts with the practice of some analysts who infer 
'spectral types' from model-atmosphere analyses (e.g., in the 
context of SMC A-type supergiants, Venn 1999). 

Spectral classification, according to the precepts of the 
'MK Process', therefore follows observed spectroscopic char- 
acteristics, not inferred physical properties. A corollary of 
this is that two stars with the same spectral types accord- 
ing to the traditional two-parameter MK scheme may have 
different physical properties if they differ in a third param- 
eter, such as metallicity. We investigate the extent of these 
differences, insofar as they apply to the SMC, in the latter 
part of this paper. 



3 OBSERVATIONS 

If the MK philosophy is to be extended to galaxies be- 
yond the Milky Way, then the spectral morphology of an 
AO star in the SMC, for example, should resemble that 
of an AO star in the Galaxy, in so far as the projec- 
tion of a multi-dimensional parameter space onto a two- 
dimensional classification scheme allows: ILennonl ^1997^ pro- 
vides an exemplary illustration of this principle in his discus- 
sion of SMC B-supergiant spectra. Thus, notwithstanding 
the well-established differences in metallicity between SMC 
and Galactic stars, it is necessary to use Galactic standards 
as a starting point. 



R ~ 1600, to match the 2dF data, for classification and 
measurement purposes. 

The data typically have signal-to-noise ratios (s:n) >200 
per wavelength bin. Sample spectra are shown in Figure 



3.2 SMC data 

As mentioned previously, the initial motivation for the 
present work was the need to classify and interpret, in a 
systematic and consistent manner, the A-star spectra ob- 
tained in our 2dF survey of the population of luminous blue 
stars in the SMC. The great bulk of our SMC dataset there- 
fore comes from this source, with observations obtained in 
1998 September and 1999 September. 

2dF is a fibre-f ed, mu lti-object dual spectrograph 
mounted at the AAT llLewis et a l. 2002j). We used the sys- 
tem with 1200B gratings, giving wavelength coverage of 
~39Q0-4700 at ii ~ 1600. The s:n varies between ~ 15-150 
for the spectra retained for analysis, averaging ~25. 

Because of initial concerns with the reliability of back- 
ground subtractions in the 2dF data, we obtained supple- 
mentary spectra of ~two dozen representative A-type SMC 
stars in traditional long-slit mode in 2001 July, using the 
AAT's RGO spectrograph with a 1200B grating and EEV 
CCD {R ~ 2700). The observations have a useful wavelength 
range of ~3700-5500A, with s:n ~50-100. They demonstrate 
that there are, in fact, no systematic problems with the 2dF 
data. 

Illustrative 2dF SMC spectra are shown in Figure |5| 



3.1 Galactic standards 

We found rather few suitable digital spectra of A-type clas- 
sification standards in the literature, and so resorted to ob- 
taining our own; to ensure continuity at the extremes of the 
A-star sequence, we also observed a handful of late-B and 
early-F stars. Details of the targets are given in Table 

The first set of spectra was obtained in 2000 July, dur- 
ing the course of another programme, using the 2.5-m Isaac 
Newton Telescope (INT) with the Intermediate Dispersion 
Spectrograph (IDS). A 400B grating, 500- mm camera, and 
1024 X 1024 x24/im^ Tektronix detector (windowed to 300 
pixels in the spatial direction) gave wavelength coverage of 
approximately A3700-4900A at _R ~ 1900 (as determined 
from arc-lamp exposures). 

Further observations were obtained with the 4.2- 
m WiUiam Herschel Telescope (WHT) in 2001 August, 
again during another programme, using the Intermediate- 
dispersion Spectroscopic and Imaging System (ISIS) with 
600B and 1200B gratings (according to the requirements 
of the principal programme) with a 4096 x 2048 x 13. 5/im^ 
EEV12 CCD (windowed to 700 pixels in the spatial direc- 
tion and binned by a factor of two in the dispersion di- 
rection). The wavelength range from the 600B grating was 
A3750-5400A at i? ~ 2900; coverage with the 1200B grating 
was A3910-4780A at ~ 5800. To provide a more uni- 
form dataset, the WHT A-star spectra were smoothed to 



4 SPECTRAL CLASSIFICATION: PRACTICE 
4.1 Luminosity classification 

We begin our discussion by emphasising the distinction be- 
tween luminosity (intrinsic brightness) and luminosity class 
(characterising the appearance of the spectrum). Luminosity 
classes were allocated in our SMC work using the lAzzopardil 
( 1987) calibration between luminosity class and H7 equiv- 
alent width; mean values for the spectral types considered 
here are given in Table|21 Azzopardi's study was, necessarily, 
based on limited data (low-dispersion, objective-prism pho- 
tographic spectra acquired in the 1970s) and unfortunately 
the su perior observational material of Balona & Cramptc^ 
il974l) does not extend beyond the earliest A-subtypes. We 
intend to revisit the relationships between H7 line strength, 
luminosity class, absolute magnitude, and metallicity in due 
course. This is not necessary in the present, morphologically- 
based, work, but attention is drawn to the discussion in sec- 
tion 

The A-star spectra in Fig|5|all have greater H7 equiv- 
alent widths than those for the Azzopardi lb calibration. 
They are al so smaller th an one would expect for class III 
spectra fe.q. iBalona fc Cr ampton 1974), and have therefore 
been assigned class II here. In the absence of similar cali- 
brations beyond A7, the two F-type spectra are classified 
by extrapolation, as luminosity class I. 



© 0000 RAS, MNRAS 000, 000-000 



A-type supergiants in the SMC 



Tabl e 1. G alactic targets. Sour ces of s pectral types are ( in decre asing order of prefe rence): M73. |Mor ^an ^ Keenai] 
Il973l)j M43. ("Morgan et al.lll943l): M55. ^Mo rgan ct al.l ll955ll : M53, fMorgan et al."l953t); M 50. iMorg an fc R omanlll950ft: 
S54 jsie ttcbak 1954); GG7. iOrav fc Garris on 1987); GG9, iGTa v & Garrison 1989); GOl, <Grav et al. 2001); A81. <Abj 
Il98j) : A85, (Abt 1985); C69, (Cowley ct al. 1969). The photometric data in columns 6 & 7 arc taken from the The General 
Catalogue of Photometric Data I Mcrmilliod ct al. 1997), and are used with intrinsic colours from Fitzgerald 1 1970) to deriye 
the estimated reddening yalues giyen in column 8, where we re tain unphysical negatiy e values for statistical purposes. Where 
available, column 9 contains Dgsini values (in km s~^) from lAbt & Morrelll il995h . 'Tel.' identifies the telescope, and, in 
the case of WHT observations, the grating (600B or 1200B). The final column is the ratio of the measured depth of the 
Ca K line to that of the Ca H + He blend. 
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HD12953: In contrast with the other Galactic standards, the observed ii'/He ratio for this star is in relatively poor accord 
with its MK spectral type (see Figure |4j; from the criteria adopted here, HD 12953 would be classified as A3 — with the 
exception of slightly weaker metal lines and a smaller Ca K intensity, its spectrum i s similar to that of H D 223385 (classified 
by M55 as A3 la). However, 12953's Al la spectral type carries the authority of a {Morgan et al.l ^^^^ classification. The 
cause of this discrepancy is not clear. 

A note on 'HD 187982': The HD catalogue assigns BD+24 3914 two number s (HDs 187982 and 187983), and two spec - 
tral types (F5 and A2, respectively), noting that 'the spectrum is composite'. iHumphrevj il978h . [Abt fc: Morrel 
and o thers, have subsequently identified the A-type star with HD 187982. In her study of spectroscopic binaries, Hendrvl 
il98lfl . also referring to HD 187982, concluded that ther e is 'no trace of a composite spectrum', on the basis of greatly 
superior spectroscopic material, and she mentions work bv lMcAlisteil il97gt) in which the star was unresolved using speckle 
interferometry with the Kitt Peak 4-m telescope. 

It is important to note that the compilers of the HD catalogue habitually assigned two numbers to what they considered to 
be single, composite-spectra systems. However, in this case it appears almost certain that HD 187982 is non-existent, and 
that the A-type supcrgiant BD+24 3914 should be identified with HD 187983 alone. 



© 0000 RAS, MNRAS 000, 000-000 



4 C. J. Evans and I. D. Howarth 



X 
N 



O 




HD 212593 AO lb 



Ca K 



Ke + Ca H 



HD 207673 A2 lb 




HD 210221 A3 lb 



HD 17378 A5 la 




HD 148743 A7 lb 




3900 



4000 



4100 



4200 



4300 



4400 



4500 



4600 



4700 



Wavelength (A) 



Figure 1. Spectra of Galactic A- and carly-F-typc stars. Identified features are Ca II K A3933; the Ca II H A3969 + He blend; Fe II 
A4173-78; and the CH G-band, ~A4300. Successive spectra are offset by one continuum unit. 
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Figure 2. 2dF spectra of representative A- and early F-type supergiants in the SMC, identified by serial number in our forthcoming 
2dF spectroscopic catalogue. Precise radial velocity measurements are not possible from the 2dF data so the spectra are shown here have 
not been corrected to the stellar rest frame. The stars have been classified using the criteria in Table 1^ 



© 0000 RAS, MNRAS 000, 000-000 



6 C. J. Evans and I. D. Howarth 



Table 2. Mean H7 equivalent width calibration for th e MK 'dag- 
ger' spectral types used in the current work, from lAzzopardi 



J1987 



Table 3. Classification bins for A-type classifications, derived 
from observations of Galactic targets, using the system of 
iMorgan et"ai] 0^3). 



Sp. Type 


la 


lab 


lb 


Ca if / He + Ca 


Spectral Type 


AO 


2.35 


3.15 


4.20 


<0.33 


AO 


A2 


2.60 


3.40 


4.70 


0.33-0.53 


A2 


A5 


3.00 


4.00 


5.70 


0.53-0.75 


A3 


A7 


3.35 


4.55 


6.55 


0.75-0.85 


A5 










0.85-0.95 


A7 










>0.95 


A9, FO or later 



4.2 Temperature classification of A-type stars 

The fou ndations of m o dern spectral classification, elabo- 
rated bv lMorgan et all il943h . were largely in place by the 
time Annie Cannon produc ed the Henry Draper Catalogue 
jCannon fc Pickerin jl924l). following earlier work b y Flem- 
ing, Maury and others l|pickerinsll890l : lMaurvll8'9^ . in part 
under Pickering's supervision. In the A-type domain. Can- 
non's main classification criterion was the intensity of the 
Ca K line (A3933 A) with respect to YiS and the blend of He 
+ Ca HfA3968A'). lMorganl Jl937l) also identified the Ca II K 
line as a useful diagnostic feature; it is the most conspicuous 
discriminant of temperature for A-type stars. 

We therefore investigated the use of the K line and the 
He/Ca H blend as a temperature discriminant. Although 
there are, potentially, problems with the use of the K line 
(discussed in Section ^3J|, it has the advantage that a spec- 
trum can be quickly and accurately classified, even at low 
signal-to-noise. While other classification c riteria exist, such 
as th e ratio of Ca I A4226 to Mg II A4481 jYamashita et alJ 
Il977l) . the weakness of most metal- line features in the spec- 
tra of (metal-deficient) SMC stars makes them less useful 
for our purposes, especially in view of the modest sm in the 
majority of our 2dF spectra. 

4-2.1 Galactic stars 

The ratios of measured K /Yie^+H) line depths in the Galac- 
tic stars are given in Table Q and are shown in Figure 0] as 
a function of spectral type;'^ as expected, there is a well- 
defined sequence. However, there is some overlap (e.g., be- 
tween Al and A2). In view of this, and the relatively poor s:n 
of the SMC data, we adopt a slightly less fine classification 
unit, using only the 'dagger' subtypes for which standards 
are advanced bv iMorgan fc KeenanI lll973f) : the results are 
summarised in Table El which affords an almost completely 
'clean' segregation of the Galactic standards (Fig. . 

4.2.2 SMC stars 

The criteria in Table |5] have been adopted for classifying 
the SMC stars. Even for quite poor-quality data, the if/He 

^ In principle, the measured line-depth ratio may be influenced 
by spectral resolution; in practice, we circumvent this problem 
by convolving all our spectra to the resolution of the 2dF data. 
The equivalent-width ratio, which should be independent of res- 
olution, proved to be a less sensitive and consistent discriminant 
in practice. 



ratio can be measured to better than ~0.05, which is gener- 
ally sufficient for classifications uncertain to better than one 
subtype at our adopted classification resolution. 

The scheme in Table |3] is largely in accord with the 
original criteria of Cannon & Pickering. The sensitivity of 
K/'Re to spectral type falls off towards cooler temperatures, 
and for both A9 and FO types the K line is very strong 
(if/He ~ 1); these subtypes are essentially indistinguishable 
in the 2dF data, and we grouped them under the 'FO' label. 
(Still later spectral types are discussed in section 

The distinction between A5 and A7 is relatively subtle, 
but is achieved consistently. This is illustrated by the signal- 
weighted mean spectra at each spectral subtype shown in 
Fig. |3| The smooth progression of weak metal features with 
spectral type (e.g. Fe II AA4173-78) demonstrates that the 
classifications are at least internally consistent, while dis- 
crimination at A3/A5/A7 is confirmed by the reversal of 
the K/YiS ratio between these subtypes. 

4.3 Classification caveats 

Although relatively quick and simple to use, the Ca K (and 
H) lines are not without concerns for classification purposes. 

4.3.1 Luminosity effects 

ICrav fc Ga rrisor? (Il989t) noted that using the cal- 
cium/hydrogen ratio may introduce effects into the spectral- 
type classifications because the Balmer lines are sensitive to 
luminosity. However, the measurements in Table Q show no 
obvious trend with luminosity class, as is illustrated by in 
Fig. 21 Although the sampling is insufficiently dense to rule 
out small differences between classes on average, the disper- 
sion at a given spectral subtype is evidently much larger 
than such differences. In any case, our 2dF sample is over- 
whelmingly dominated by high-luminosity objects. 

4.3.2 Interstellar contamination 

It has been known for a century that Ca II H &i K absorp - 
tion lines arise in the interstellar medium iHartmannll90'4) . 
The interstellar lines are not distinguishable in intermediate- 
dispersion spectra, and could therefore introduce a bias into 
the spectral classifications. (Although dust extinction to- 
wards SMC stars is generally rather small, with E{B — V)< 
0.1, the velocity dispersion in the line-of-sight interstellar 
material enhances the effect of resonance-line absorption.) 
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Figure 3. Means of 2dF spectra for AF stars in the SMC. The numbers of individual spectra contributing to the means are given 
parentheses. 
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hstod in Tabled Note that there is no obvious luminosity-class 
dependence of the ratio. Dashed lines show the adopted classifi- 
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Figure 5. As in Figure El except that only stars with values of 
E{B -V) < 0.40 are shown. 



will vary in tandem, so that they have only a second-order 
effect on the K/ (He -\- H) ratio. 



4.3.3 Metallicity effects 

One of the most important considerations when using the 
calcium line as a classification criterion is the reduced metal- 
licity of the SMC. O ne approach to the metallicity issue is 
given in IVennI lll999ll , where the spectral types of a sam- 
ple of SMC A-type supergiants were adjusted in the light of 
model-atmosphere analysis. Our approach to the issues re- 
garding classification that arise from this and other studies 
were discussed in Section |5| In the current context of clas- 
sifying the 2dF sample, the criteria in Table |3] are applied 
on the basis that they are the morphological counterparts 
of Galactic criteria, with the explicit understanding there 
may not be a correspondence in physical properties between 
Calactic and SMC stars. 



4.3.4 Rotational broadening effects 

The infiuence of rotational broadening on A-s t ars cla ssifica- 
tion has been discussed by ICrav fc Garrisoiil il98 7t) . They 
defined low and high Ve sin i standards on the basis that 
broadening of the K line in rapid rotators m ay afi^ect the 
classification process. ICrav fc Garrisoiil il989ft subsequently 
concluded that at type A5 and later this effect is reduced, 
such that the Ca K /}ie ratio can be safely used for rapid 
rotators. 

This is not of direct concern in the 2dF dataset be- 
cause of the distance (i.e., luminosity) selection effect. Typ- 
ical rotational velocities for A-type supergiants are low (o f 
order 20-30 km s'^ e.q.. lAbt fc Morredll995l : IVennlll995H . 
so rotation is not a significant iss ue. For comparison, the 
"high" Vc sin i stars referred to by iGrav fc GarrisonI (^S^) 
have velocities in the range of 150-275 km s-i(with lumi- 
nosity types ranging from III to V). 

In principle there could be a systematic difference in 
the rotational velocity dist ributions between th e Galaxy and 
the SMC, as discussed bv lMaeder et alJ 1^9^ in reference 
to B-type stars. Rotation could also have an indirect ef- 
fect through the Galactic stars used here to describe the 
classifica tion framework. Where available, rotational veloci- 
ties from lAbt fc MorrelJ (^^9^ are given in Table [Tl for our 
Galactic targets. The majority of the Galactic stars have 
relatively low velocities, and those with faster rotation are 
not particularly discrepant in Figure 0] suggesting that ro- 
tational effects are unlikely to play a significant role in the 
current work. 



4.4 Spectral classification of F- and later-type 
stars 



To assess the likely impact of any contamination, red- 
dening values were calculated as a crude surrogate for 
interstellar-line equivalent widths of Galactic targets (Ta- 
ble 0. Reassuringly, there is no evidence of segregation be- 
tween high- and low-reddening targets (cf. Fig. |^ . This is 
consistent with our expectations that (i) interstellar absorp- 
tion is a relatively small contributor to the total H, K equiv- 
alent widths for A-type stars, and (ii) interstellar H and K 



The Ti'/He ratio is useful for distinguishing between A spec- 
tral subtypes, even in data of moderate to poor quality, but 
is not a sufficient criterion to distinguish late-B from early- 
A, nor early-F from late-A stars. 

The B stars are straig hforwardly iden tified by the pres- 
ence of helium lines (e.g. iLennonI Il997^ ■ while the ~100 
supergiants with spectral types later than FO observed in 
the 2dF sample (as a result of photometric errors in the 
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Table 4. Classification bins for F & : G-type classifications, de- 
rived from I.Taschek fc Jaschej il99fl h. 



Spectral Type Criteria 



F0-F2 


Ca if / He + Ca _ff ~1 


F5 


Clear presence of CH G-band 


F8 


G-band / H7 = 0.5-0.75 


GO 


G-band / H7 = 0.75-0.9 


G2 


G-band ~ H7; H7 > Fe I A4325 


G5 


H7 ~ Fe I A4325 


G8 


H7 < Fe I A4325 



input catalogue) were classified using the INT data as a 
po int of reference, in combination with the criteria given 
bv lJaschek fc Jaschekl (Il990h . Essentially, F-type stars are 
characterized by increasingly strong metal lines (visible even 
at SMC metallicity); this behaviour is most obvious in the 
ratio of Ca K to H7, but is clear in other features, such 
Eis the A4300 G-band. The adopted 'late-type' classification 
scheme, which takes into account the characteristics of the 
2dF dataset (low s:n, weak metal lines), is summarised in 
Table H 



5 THE TEMPERATURES OF A-TYPE 
SUPERGIANTS IN THE SMC 

For population syntheses, IMF modelling, and many other 
circumstances where quantitative analyses of individual 
stars is infeasible, it is important to have an accurate 'look- 
up table' of correspondences between physical and morpho- 
logical characteristics. In the remainder of this paper, we 
examine this issue in the light of our remarks in section |5| 
with particular emphasis on the temperature scale for A- 
type stars. 

5.1 Model atmospheres 

The mo del-atmospher e structures used here are AtlasQ 
models (iKurucd llOol . calculated by Collaborative Com- 
putational Project #7 (CCP7; http://ccp7.dur.ac.uk/). 
The models assume plane-parallel geometry, hydrostatic 
equilibrium, and LTE, and include the effects of line blanket- 
ing. The majority of the A-type stars in the 2dF sample are 
of luminosity types of lb or II, wher e LTE has been shown to 
be a reasonable approximation (e.g. lPrvzbillall2bo2^ . Depar- 
tures from LTE become increasingly important in type la su- 
pergiants; however, in the current context, the AtlasQ mod- 
els have the advantage that results can be achieved quickly, 
relatively simply, and that they include the important effects 
of line blanketing. 

The low-metallicity CCP7 models that we used incor- 
porate a microturbulent velocity, ^, of 2 km s~^. This is 
just below the range of £ = 3-8 km s"'^ found in Venn's 
A-supergiant analyses iVennll995l 1999), although many of 
her targets yielded values in the 3-4 km range. Spectra 
synthesized using 2- and 4-km s~^, solar-abundance models 
are essentially identical, and differences resulting from use of 
an 8-km s~^ grid are negligible. We conclude that the CCP7 
models are adequate for the current investigation. 



Hubeny's unpublished SYNSPEC43 code was used for the 
spectral synthesis, running under the idl SYNPLOT wrap- 
per (also written by Hubeny). The necessary atomic and 
molecular line-lists were downloaded from the tlusty web 
page.^ Both Rayleigh-scattering and H~-ion opacities were 
included in the calculations. 

The synthetic spectra were convolved with typical 
He sini values (~ 30 km s~^), and smoothed to a resolution 
comparable to that of the 2dF data. In all cases, instrumen- 
tal broadening dominates. 

5.2 Model grid 

Three main spectral regions were investigated: 

- A3900-4050A : Ca K /Re (important in A- types). 

- A4250-4450A : CH G-band/H7 (F and G-types). 

- A4450-4540A : He I A4471/Mg II A4481 (late-B stars). 

The atomic species included for the spectral-synthesis inves- 
tigation of B and A-types were H, He, C, N, O, Mg, Si and 
Ca. For the later types, in addition to the molecular line-list, 
Mn, Cr and Fe were included. 

SYNPLOT was used to generate synthetic spectra on 
a small grid covering appropriate values of temperature 
and gravity. The te mperature rang e of th e grid was cho- 
sen by reference to ISchmidt-KaleJ il982h . Only approxi- 
mate values are required for the logj^Q g sampling because 
temperature has a more significant effect on the lines stud- 
ied here. Typical v alues of logm g for A-type supergiant s 
were estimated fromlVennI ^ll995^ and lVerdueo et all il999r) . 
iDufton et all feOOOt) derive logn, g « 2.3 for two B5 lab 
stars, so logj^g 9 — 2-5 was taken as an upper limit for the hot- 
ter models. For th e F and G spectral types considered here. 
Luck c t all lll997l) find values over a range of logjQ g = 0.0- 
1.0, so spectra were synthesized for our coolest models using 
logio g = 0.5. The grid sampling is shown in Figure |S] 

5.3 Abundances 

For our calculations we have adopted a species-independent 
SMC metallicity based on the median differential abun- 
dances found by ,Venn ( 1999) for SMC A supergiants, i.e., 
[X] = -0.76 (^SMC = O.I7Z0), where 

[X] = logio <^{XsMc) - logio e(AGal) 
for species X, and 

log„,e(A)=logio(n(X)/n(H)) + 12. 

The adopted metallicity is broadly consistent with o ther re- 
cently published values for O and B-type stars tHaser et alJ 
Il998l iDufton et alJl2000|. iRolleston et al.ll2003l) F and K- 
type supergiants iHilJ Il999l) and Cepheids llLuck et alJ 
1997). 

The metal abundances enter the modelling at two 
stages: 

- In Atlas, for the model-atmosphere calculation, ^Atias; 

- In SYNSPEC, for the spectral-synthesis calculation, 

^SSyn. 



|http : //tlusty .gsfc .nasa. gov/] at the time of writing. 



© 0000 RAS, MNRAS 000, 000-000 



10 C. J. Evans and I. D. Howarth 



2.5 - 



2.0 



1.5 - 



1.0 - 



0.5 



4 5 6 7 8 9 10 11 12 13 14 15 16 
Teff (kK) 

Figure 6. Grid of Kurucz models used to investigate the tem- 
perature scale of BAF-type SMC supergiants. The model atmo- 
spheres used were selected with consideration to expected typi- 
cal values, though the coverage of the CCP7 grid is a limiting 
factor {e.g., with the exception of T^f{ = 14kK, the absence of 
logio 9 ~ 2-0 at higher temperatures). 



Although there are no CCP7 Atlas models specific to [X] = 
-0.76, grids at [X] = -0.5 and -1.0 (i.e. ^Atias = 0.32^0 
and 0. 10.^0 ) span our adopted metallicity. Since the dom- 
inant effect of metaUicity in the computed spectra arises 
through the spectrum synthesis, not the atmospheric struc- 
tures, we can use these Atlas models for our purposes. We 
adopted the 0.32^0 structure models, with Q.IIZq for the 
spectral synthesis. 

[The insensitivity of computed spectra to model struc- 
ture is illustrated in Figure which shows model pro- 
files for ^Atias = Zq,0.32Zq, and O.IO^'q at T^s^ 9000K, 



logio5= 1-5, ^SSy 



0.10^0. When degraded to 2dF res- 



olution, the resulting spectra are practically indistinguish- 
able; the model-atmosphere structures calculated with dif- 
ferent metallicities lead to essentially the same result, pro- 
vided that the abundance is held constant in the spectrum 
synthesis. Similar results are obtained at Tea = 6000K, 
log 10 g ~ 0.5, as shown in Figure |5] where the largest differ- 
ences in rectified intensity are of order 2-3% - less than the 
uncertainties in the observed 2dF spectra. 

These results are underpinned by inspection of the tem- 
perature profiles of the structure models. The profiles of the 
9000K models, shown in Figure |5| are nearly identical for 
all three metallicities. The same is true of the 6000K mod- 
els, shown in Figure IIUI Only at large depths is the solar- 
abundance model significantly offset, but, as shown in Fig- 
ure |H1 the effect is small in terms of the emergent spectra.] 

5.4 Spectral-type— temperature calibration 

After rectification and smoothing, the synthetic spectra were 
assigned 'high-resolution' spectral types, using the criteria 
described in Section|^ Temperatures were then interpolated 
to the coarser grid of spectral types in Table|3 Galactic (so- 
lar) results were obtained by using the same procedures, 
to provide a directly comparable reference, and as a check 
on our methods. The calibrations are given in Table El and 
directly demonstrate the effect of SMC metallicity: at the 
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Figure 7. Model spectra for the Ca K region (Toff = 9000K, 
logio S = 1-5), degraded to the resolution of the 2dF data. The 
metal abundances used in the spectral synthesis are O.IO.Z0 in 
all cases; the abundances in the model atmospheres are solar, 
0.32^0, and 0.10.^0. The resulting spectra are essentially identi- 
cal. 
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Figure 8. Model spectra of the H7 region (T(,g = 6000K, 
logic 9 ~ 0-5)) degraded to the resolution of the 2dF data; abun- 
dances are as in Figure |7| The resulting spectra are again very 
similar. 



same morphological spectral type, SMC stars are systemat- 
ically cooler than Galactic counterparts, by up to ~10% at 
late A. 

The explanation for this temperature offset is straight- 
forward. The primary classification criterion used here in- 
volve the calcium and Balmer spectral lines. For sub-solar 
metallicity, the effective temperature has to be lower in order 
to increase the Ca K line strength to that required to sat- 
isfy the if/He criterion established from Galactic standards. 
This point is illustrated in Figure [TTI using models at con- 
stant temperature but decreasing Z. (It may be noted that 
decreased metallicity also reduces the Balmer-line strength, 
because the pressure is reduced; but this is a much smaller 
effect than the direct impact on metal-line strengths.) 

Given this interpretation, one might question whether 
the cooler SMC A-star temperatures highlighted here are 
simply a consequence of the particular classification crite- 
rion adopted. However, our temperature calibrations are in 
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Figure 9. Atmospheric temperature profiles at T^g = 9000K, 
l°giO 9 ~ Models shown have ^Atlas = ■^0i 0.32^0 and 

O.IOZq, and are essentially identical. 
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Figure 10. Atmospheric temperature profiles at Teff = 6000K, 
logio 9 ~ Models shown have Zp^n^ = Zq, 0.32Zq and 

O.IOZq. The models differ only at large depths (see Section 15.31 
for details). 



Figure 11. Model spectra for the Ca K region {T^s = 9000K, 
logio ~ 1-5)! degraded to the resolution of the 2dF data. The 
metal abundances used in the spectral synthesis are identical 
to those used in the model-atmosphere calculations and are as 
shown. 



Table 5. Solar-abundance and SMC temperature calibrations 
from the current work. 



Type 


Solar 


SMC 


B8 


13000 


12000 


B9 


10750 


10500 


AO 


9750 


9500 


A2 


9000 


8500 


A3 


8500 


8000 


A5 


8250 


7750 


A7 


8000 


7250 


FO 


7500 


6750 


F5 


6250 


5875 


F8 


6000 


5750 


GO 


5875 


5625 


G2 


5750 


5500 


G5 


5500 


5250 



excellent agreement with both the de t ailed analyses of in- 
dividual Galactic stars given bv lVenrJ (|l995l), and with her 
results for early-A SMC supergiants IVenn"l999'), which are 
based largely on the Mg^/Mg"*" ionization balance. No nethe- 
less, t here are differences in philosophy; for example, IVennI 
obtained Toff = 7900K (and log^o g = 0.9) for AV 442, 
and on that basis reclassified the star from A3 to A7, im- 
plicitly adopting a metallicity-independent relationship be- 
tween spectral type and temperature. Our approach is to 
adopt spectral types consistently based solely on spectral 
morphology, but to accept a met allicity- dependent relation- 
ship between spectral type and physical parameters. That 
is, we would retain the A3 classification for AV 442, but 
would assign T^s = 8000 K (TableEJ. Three stars in Venn's 
SMC sample appear to have temperatures that are inconsis- 
tent with those in Table^given their spectral types, namely 
AV 136 (Sk 54, AO la), 478 (Sk 154, AO lb) and 213 (Sk 75, 
A2 lab). These discrepancies appear to largely be a result of 
different published classifications, e.g. Ve nn's temperatures 
are consistent with the spectral types of iHumohrevs et alJ 



il99lfl who gave classifications for AV 478 (A5 lab) and 
AV 213 (A2-3 I). 

Figure [El compares the solar-abundan ce temperature 
scale derived here with those compiled by ISchmidt-KaleJ 
^1982^ and bv lHumphrevs fc McEhovl \l984) . The main dif- 
ferences are at the very earliest and latest types considered 
here. The higher values we find for t he late B-types are con- 
sistent with newer calibrations (e.g. . ICrowtherll998l) . so this 
is not a cause for concern. The differences in the later types, 
notably F5, could be attributable to the difficulties of clas- 
sification in this region or to refinements in the model atmo- 
sphere codes (for example, the inclusion of molecular lines). 

For simplicity we assumed a single relative abundance 
for all metallic species (i.e. . 17Zf7i) ; however, detailed anal- 
yses such as those of I Venrj ll 19991) find a spread of abun- 
dances for different species. Venn specifically highlighted 
the relative underabundance of the alpha elements, includ- 
ing calcium (in contra s t to the SMC H II region results 
from lRussell fc Dopital il992l) which found no calcium un- 
derabundance) . To investigate the significance of adopting a 



© 0000 RAS, MNRAS 000, 000-000 



12 



C. J. Evans and I. D. Howarth 



T 




Spectral Type Wavelength (A) 



Figure 12. Solar and SMC temperature calibrations compared 
with those of Humphreys & McElroy (1984) and Schmidt-Kaler 
(1982). The differences for later spectral types between the pub- 
lished calibrations and our solar values, notably at F5, are likely 
attributable to difficulties of classification in this region and to 
refinements in the model atmospheres codes used here. 



lower calcium abundance, model spectra [Z = O.IOZq) were 
calculated for 7500, 8000 and 8500 K, the domain in which 
the K line is most sensitive to temperature and abundance 
effects. Such a reduction enhances the temperature effect de- 
scribed here, but the change is very small compared to that 
between Galactic and 'SMC abundances. 



5.5 Luminosity implications 

The present discussion of the relationship between temper- 
ature and spectral type in the reduced-metallicity environ- 
ment of the SMC has immediate implications for the criteria 
used to allocate luminosity classes. At given spectral type, 
the temperature of an A-type SMC star is lower than its 
Galactic counterpart; as a consequence, the H7 equivalent 
width will be different in the SMC star. For example, Fig- 
ureinishows the model H7 line for i.e. TcS = 9000K, Z = Z 
and Teff = 8500K, Z = 0.17Z q (at log^^ g = 2.0), corre- 
sponding to Galactic and SMC A2 spectra, respectively; the 
H7 equivalent width is some 30% larger in the SMC case. 
This is not (directly) a metallicity effect, as the H7 lines for 
Galactic and SMC metallicities are essentially identical at 
fixed temperature. 

Table |S] summarizes the differences in H7 equivalent 
widths for stars of spectral types B8-A7 (averaged over 
logj^o S at a given temperature). In general, equivalent widths 
are ~ 10-30% larger in the synthetic SMC spectra than in 
Galactic models at the same spectral type (but not the same 
temperature). Note that the equivalent widths are larger in 
all of the SMC spectra; in contrast to A-type dwarfs where 
the equivalent width of the Balmer lines reaches a maxi- 
mum around A0/A2, the maximum for supergiants occurs 



Figure 13. Model H7 spectra at spectral type A2, for tempera- 
tures and metallicities appropriate for Galactic and SMC super- 
giants (with logjQ g = 2.0). The differential intensity plot in the 
lower panel emphasises of the difference in line strengths. 



Table 6. Ratio of H7 equivalent widths for Galactic and SMC 
model spectra corresponding to the same morphological types. 
The differences arise because of the lower temperatures of the 
SMC models at a given type, which, in the B8-A7 range results 
in increased equivalent widths. 



Type 


H7SMC / H7Gal. 


B8 


1.19 


B9 


1.08 


AO 


1.10 


A2 


1.29 


A3 


1.38 


A5 


1.27 


A7 


1.61 



at a much later type (e.g. lHutching3ll966l) resulting in a 
positive effect throughout the spectral types in Table 1131 
The clear implication is that if luminosity classifications are 
allocated from Galactic calibrations, the intrinsic brightness 
of a star with a given classification cannot be assumed to be 
universal. 



6 DISCUSSION 

Our work has demonstrated that accurate A-supergiant 
temperatures require knowledge of the metallicity of a sys- 
tem (and vice versa). This effect has important ramifica- 
tions for studies of extragalactic A-type supergiants. For 
example, from comp arison with template Galactic spectra, 
iBresolin et al.l i200ll) assign a spectral type of Al la to a 
star in NGC 3621 (a spiral galaxy at a distance of 6.7 Mpc). 
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From the spectral type they estimate a temperature (9000K 
±400) and then use Kur ucz model atmosp heres and the line 
formation calculations of lPrvzbillal (|2002h to find the chem- 
ical composition which best matches the observations; their 
final model has a chemical composition comparable to that 
of the Large Magellanic Cloud. The source of their temper- 
ature estimate is not given and unfortunately their spectra 
do not extend blueward to the Ca K line (their Figure 2). 
If the temperature were from Galactic analyses then the 
lower metallicity model would fail to reproduce the observed 
K-line intensity, requiring a reduction in the model temper- 
ature, leading to a different abundance determination; i.e. 
some degree of iteration is required. 

Similar comp lications arise for the study of NGC 300 
bv lBresolin et all t2002) . Detailed atmospheric parameters 
were given for two supergiants , adopting temperatures from 
iHumphrevs fc McElrovl ilQS-j) on the basis of their spectral 
types. The metallicity of their star 'A-8' (B9-A0 la) star is 
equivalent to that of the SMC, with [X] = -0.7±0.2. In light 
of the temperature effect described here, the uncertainty in 
such abundance determinations will be larger than ±0.2 dex; 
even moderate changes of temperature can have a significant 
impact on the derived abundances (e.g. Venn 1999, Table 
3). 

The results presented here also have implications for 
the 'flux-wei ghted gravity-luminosity relationship' (FGLR) 
proposed bv iKudritzki el's] i2003l) . They argue that for 
a given effective temperature (in their illustrative cases, as- 
sumed from the spectral type) the higher-order Balmer lines 
(H7 through to Hll) can be used to determine the gravity 
of distant A-type supergiants accurately. After calibration, 
the FGLR can in principle be used to determine the bolo- 
metric magnitude of a given star, hence the distance. Such a 
relationship is an attractive proposition for extragalactic dis- 
tance determinations, especially since the atmospheric mod- 
elling only relies on the hydrogen lines which are thought to 
be well understood. However, in the context of the current 
work, consider the cas e of an A2 type supergiant, for which 
IKudritzki et alJ J2003l) adopt T^g = 9000K. Such a temper- 
ature agrees with our solar-abundance temperature in Table 
13 however, at SMG metallicity TcB — 8500K would be more 
appropriate. Herein lies a complication for the FGLR. The 
H7 profile for a solar-abundance model with T^ff = 9000K 
and logj^o 9 ~ 2-0 is similar to that for an SMC-abundance 
Teff = 8500K, log^off = 1.5 model (Figure IT^: the differ- 
ence in Mboi from the FGLR from these two models is 1.7™. 
With a finer sampling of gravity in the model grid the uncer- 
tainty in logjQ g need not be as extreme as 0.5; nonetheless, 
the estimate of 0.05 by Kudritzki et al. must be considered 
rather optimistic. Disentangling the effects of temperature 
and metallicity in A-supergiants is non-trivial, impacting on 
their potential for use as extragalactic distance indicators. 



7 CONCLUSION 

We have observed a large number of A (and some later-type) 
supergiants as part of our 2dF survey of the SMC. To facil- 
itate an accurate application of the MK process to our dig- 
ital data. Galactic standards have been observed to provide 
a simple but quantitative temperature-classification scheme; 
the 2dF spectra have been classified within that scheme. A 
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Figure 14. Model H7 spectra at spectral type A2, for tempera- 
tures and metallicities appropriate for Galactic and SMC super- 
giants but with different gravities, logj^Q g = 2.0 and 1.5 respec- 
tively. 



direct result of classification based purely on morphologi- 
cal criteria is that, because the primary criterion involves 
both metallic and Balmer lines, the temperature of an SMC 
A-type supergiant is ~5-10% cooler than its Galactic coun- 
terpart. One of the main implications of this effect is that 
Galactic temperature calibrations should not necessarily be 
used when determining fundamental parameters and abun- 
dances for extragalactic A-supergiants. 

In addition to its significance for individual stars, 
this result has implications for population-synthesis studies. 
Such investigations typically involve generating a synthetic 
population from stellar-evolution models, and then trans- 
forming the model predictions to observational parameter 
space. This transformation necessarily always involves a cal- 
ibration between observed and modelled parameters; if the 
calibration is based on Galactic stars, then sigiuficant errors 
can be introduced into the interpretation of low-metallicity 
environments, even when the synthetic population is gener- 
ated using stellar-evolution models at the appropriate metal- 
licity. 
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